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ABSTRACT 



Glioblastoma multiforme is the most treatment-resistant brain tumor. 
Elongation factor-2 (EF-2) kinase (calmodulin kinase fll) is a unique 
protein kinase that is averexfm^sed in glioma eel! lines and in human 
surgical specimens. Several mi'togens activate this kinase and inhibitors 
"block mitogen activation and produce cell death. Geldanamycin (OA) is a 
benzoquinone ansamycin antibiotic that disrupts Hsp90-protein interac- 
tions. Because kinn.P i«; chaperoned by H5p90. we in vestigated the 
effects of OA oh the viability of glioma cells, the expression of £F-2 kinase 
protein, and the interaction bct^vee^ Hsp90 and EF-2 kinase. GA was a- 
p otent inhibitor o f the clon ogenicity of four glioma cells lines with iCgpS 
ranging from 1 io"J n.M. j y-ahviammo-J /-demethoxygeioanamycin (17 - 
AAc Ta^ toxic and less potent derivative ql_U iJiimiliLt;a ti»e cTono^ 
eimoU' of glioma cells with ICgoj-aiues of 13 aM in 06 cells and 35 nM in 



T98G ce lls. Treatment of cell lines for 24-48 h of GA or i7-AAG dis- 
rupted EF-2-kinase/Hsp90 interactions as measured by coimmunoprecipi- 
tation, resulting in a decreased amount of recoverable kinase in cell 
lysates. The ability of GA to inhibit the growth of glioma cells was 
abrogated by overexpressing EF-2 kinase. In addition,. 17-AAG gjgpifi- 
ca ntly inhibited the growth of a glioma xenograft in nude mice. T hese 
studies demonstrate for the first time the activity of GAs against human 
gliomas in vitro and in vivo and suggest that destruction of EF-2 kinase 
may be an important cytotoxic mechanism of this unique class of drug. 



INTRODUCTION 

Glioblastoma multiforme is a highly resistant, lethal malignancy of 
the central nervous system that represents an increasingly important 
cause of death from cancer in adults and children (1). Gunrem iherapy 
with surgery, radiation, and chemotherapy rarely, if ever, cures the 
disease and infrequently prolongs life for more than i year (2). 
Therefore, our laboratory has been investigating new signal transduc- 
tion proteins as potential targets for drug development. 

Activation of tyrosine kinases through receptor occupation or mu- 
tation initiates several signal transduction pathways that culminate in 
cell division. The epidermal growth factor receptor is frequently 
overexpressed or mutated in human glioblastoma (3-5). Activation of 
phospholipase C by the epidermal growth factor receptor produces 
two second m.essengers, diacylglycerol and inositol- 1,4,5-triphos-^ 
phate. Whereas the former can participate in mitogen- activated pro- 
tein kinase signaling, the latter activates calmodultn-dependent path- 
ways through the release of intracellular calcium (6-9). 

We previously found that calmodulin-dependent phosphorylation 
of eEF-2-' was markedly increased in glioblastoma because of the 
increased activity of caljnodulin-dependent protein kinase 3(10), also 
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icnown as EF-2 kinase (11-13). £r-2 kinase phosphorylaies eEF-2 in 
response to elevation in intracellular, calcium, which leads to the 
inactivation of this translation factor (14. 15). Additional siudie.'? 
defined EF-2 kinase as a proliferation-dependent and milogen-acti- 
vaied enzyme in a variety of normal and malignant cell types (16, 17). 

The cloning and .sequencing of EF-2 kinase led to the realization 
that it represented a unique enzyme family (13). Except for the AT? 
binding site, EF-2 kinases from several different species exhibit no 
sequence homology to any Ca" ^/calmodulin-dependent protein ki- 
nase, or to any member of the eukaryoiic protein kinase superfamily. 
However, EF-2 kinase does have homology to the catalytic domain of 
myosin heavy chain kinase A (MHCK A) from Dictyosteiium. The 
unique structural features of EF-2 kinase, together with its increased " 
activity in malignancy and cell-cycle dependency, makes it a novel 
target for anticancer therapies. * 

In fact, several lines of evidence suggest that inhibiting the activity 
of EF-2 kinase can kill cancer cells. For e.xample, Parmer et al (1S)» 
demonstrated that rottlerin, an EF-2 kinase inhibitor, blocked glioma 
cells at the Gj-S phase interface and killed a variety of cell lines at 
concentrations (1-10 nM) that were consistent with IC^^s for enzyme 
inhibition (18). Antisense RNA to calmodulin (19) and EF-2 kinase"^ 
markedly decreased the clonogenicity of rat and human gliorha ceil 
lines. Therefore, identification of new drugs that block the function of 
EF-2 kinase may lead to new types of anticancer drugs. 

During the purification of EF-2 kinase (20), we found the enzyme 
to be tightly associated with Hsp90 as previously demonstrated by 
Palmquist et al (21). Hsp90 is a protein chaperone responsible for 
maintaining proper protein folding and stability (22). Recently, a new 
class of drug, the GAs was found to disrupt Hsp90/protein interactions 
(23). These benzoquinone ansamycin antibiotics were shown to have 
antitumor effects in ceil culture and experimental animals (24), Re- 
cently, 17-.AAG, a less toxic and less potent derivative of GA, has 
entered Phase I clinical testing (25-27). 

Because the activity of EF-2 kinase is markedly increased in human 
glioblastoma and is chaperoned by Hsp90, we examined the effects of 
the GAs on this lethal malignancy of the central nervous system. 



MATERULS AND METHODS 

Cell Culture. The C6 iV-niirosomeihylurea-induced rat siioma line and the 
human ceil lines T98G (gliobla.<;toma), Daoy (medulloblastonia), and SKN'SH 
(neuroblastoma) were obtained from The Americiin Type Culture Collection. 
TJYl-R and TJY2-D cell lines were derived from T98G cells by stable 
iransfection with either aniisense or sense cDN.A of EF-2 icinase. The.se two 
cell lines expressed either low or high amount.s of £r2-K protein, respectively, 
relative to the parental line. T9SG and Daoy celU were grown in a 1:10, 
DMEM:Ham's F-10 media, supplemented with 10% fetal bovine serum and 
100 units/ml penicillin and iOO mg/mi streptomycin. TJYl-R and TJY2-D cell 
lines were maintained in the .same medium as T9SG, but w;re supplemenied 
with 200 fLg/ml 04 18. C6 and SK.NSH cells were cultured in supplemented 
DMEM. Cell cultures were maintained in a humidified incubator at 'Sl^'C with 
5% CO-,. Cells in log phase were, grown in 100-mm tissue culture pla;es and 
treated with GA or 17-,A.AG a.s indicated in the figure legesd. 
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Drugs. GA and I7AAG were obtained *^^om Drug Synthesis and Chemistry 
Branch, Developmental Therape-Jtics Prt u Division or Cancer Treiument 
and Diagnosis of the National Cancer fnsiitute in ihe form of a [yophiWztd 
powder. They were stored in dark, airtight containers at 4=C and reconstiti!ted 
in DVtSO immediiieiy before use. 

Clonogenic Assays. Cytotoxicity of GA and i7AAC was dsterminea by 
. ciono^^enic a.siay. Four X 10- C5 ce!U or 5 x \Q- T9SG cells were plated in 
60-.Tira tissue culture dishes and ailowed to adhere overnight. The cciJs were 
then exposed to various concentrations of drug rangins frofr. 0.05- 100 hm 
(control cultures were treated '.vith 0.0!% DMSO) and incubated for 24-43 h 
at 37-C. The medium was uhen removed and repiaced with fresh medium free 
of dru2. After 7-10 days of growth, colonies were !lxed and stained with Q.5?o 
methylene blue. Colonies with diameters of 2 mna and larger were counted 
using an electronic counting pencil. 

Preparation of Cell Homogenates for Detection of CsIUilar EF-2 
Kinase. Cell monolayers were washed twice in PBS (pH 7.4), scraped into 
15-ml centrifuge tubes in 5 ml of PBS, and then cenu-ifuged at LOOO X g for 
5 min. Cell pellets were homogenized with 15 strokes in ice-cold HOMO 
buffer [25 m.vi HZPES (pH 7.4). 100 mM sodium chioride. 20 sodium PP^. 
2 m.M EDTA, O.i m.M PMSr. 10 /xg/mt ieupeptin. 2 /ig/ml pepstatin A. and O.i 
m>i sodium onho vanadate], using a Polytron homogenizer. The iiomogenates 
were then cenuifuged at 15.000 X g for 30 min at 4='C. The protein concen- 
tration of the supematants was determined according to the .method of Bmd- 
■ ford using a 3io-Rad protein assay kit {3io-Rad Laboratories. Richmond, CA). 
Twenty of protein from each sample were used for £r-2 kinase detection. 
Sample volumes were adjusted with HOMO buffer. Samples were boiled with 
3X Laemmli buffer [190 m.M Tris (pH 6.8). 6% SOS, 30% glycerol. i$% 
2-mercaptoethanol. and 0.003% bromphenol blue dye] for 5 min before reso- 
lution by 7.5% SDS-PAGE. 

Immunoprecipitations. Cell monolayers were washed twice with PBS and 
lysed with NET lysis buffer [50 m.M Tris-KCl (pH7.4). 150 m.M NaCl. 0.1% 
NP40, l.O .mM EDTA. 1 mM PMSF. and 1% aprotinin] at 4^C for 30 min. Cells 
were scraped into 1.5-ml microcentrifuge tubes and incubated at 4^C with 
rotation for 30 min, passed through a 25-gauge needle, and dien cenirifused at 
15.000 X ^ at 4°C for 30 min. The protein concentration of the supematants 
was determined using the Bio-Rad protein assay kit. 

Immunoprecipitations were performed using 2 mg (C6 cells) or 1 mg (T98G 
ceils) of protein from total cell iysates as starting material. Reaction volumes 
were equalized using NET buffer. For Hsp90 precipitation, 4 ^g of anii-Hsp90 
polyclonal antibody (Santa Cruz Bioiechnoiogy, Santa Cruz, CA) were added 
to each sample. For EF-2 kinase precipitation, 4 ^lI of anti-EF-2 kinase rabbit 
serum (kindly provided by Dr. A. C. Nairn of Rockefeller Qrdve'rsitv, New 
York. NY) was used. Immunoprecipitation of samples with preinimune sera 
• was used as a conu-ol. .Alter 1-4 h of rotating incubation at 4°C, 80 pil of 
Protein A-Sepharose CL-4C {50% NET buffer: Amersham Pharmacia Biotech, 
Piscataway. MJ) were added. Tubes were incubated overnight at 4''C with 
rotation. At the end of the incubation, samples were centrifuged at 15,000 X g 
at 4''C for 2 min. and the supernatant was discarded. Beads were washed twice 
with NET buffer and twice with PBS containing 1% aprotinin and 1 mM 
' PMSF. After the final wash. 30 of Laemmii buffer were added, and the 
samples were boiled for 5 min. After a 3-min spin at 15.000 X g, supematants 
were loaded onto a 8% SDS-P.AGE gel. 

.Western Bini Analysis. Proteins re.solved on SDS^PAGE were transferred 
to nitrocellulose membranes (Hybond ECL; Amersham Pharmacia Biotech). 
Membranes were first blocked with iO% mrlk in PBS-T (PBS/0. l?o Tween) 
and then were incubated with and-EF-2 kinase rabbit antiserum in 10% 
milk/P3S-T for EF-2 kinase detection. For detection of Hsp90, the anti-H.sp90 
rabbit antiserum was used. An anti-^-actin monoclonal mouse a.scites (Siitma 
Chemical Co., St. Louis. MO) was used for detecdon of /3-actin. .After a 2-h 
incubation with the primary antibodies, membranes were washed in P3S-T, 
incubated wish horseradish peroxidase conjugated secondary antibodies (.Am- 
ersham-Life Science), and washed again with P3S-T. standards (3to-Rad 
Laboratories. Richmond. C.A) and authentic EF-'2 kinase were used to deter- 
mine the ^sition of the proteins of interest Proteins were visuailzed using 
Amersham- Pharmacia ECL detection reagents. Blots were scanned by UMAX 
Magic Scan 4.3 program, and the intensity of protein bands was quantified by 
Molecular .Analyst software. 



G.nerMmn of F e Cell Lines Expressing Dift.rent Levels of EF-^ 
Kinase. pi..AJi ve. . was originaiiy constructed to mediate te,r=cvc!ine' 
.ncuceo gene expression in mammalian ceih (2S). However, this 'vector 
conlerred consriP.tive e.xpression of target oe.e., in most .stable cione.s that 
nave te.v:=d. wn.cn ..vas l.kely attributable to the use of two strons =ronot-^3 
cy:omega,ov,Pa., and SV40, in this vector syste.-n. A A,li-iep»th Human -'^ ^ 
ic,na.se cDN.A was insened into the nukiole cionins site region of nST^R -.l 



ooth annserse ,.a.S) and sense (S) orientations. Construes expressir. AS 
(pJ^rf,) and sen.se (p;YH2) Er-l kina.se .-.RNA were introduced into T9SC 
numan ghor.a cells oy !ipo.so.^e-n,edia,ed .".nsfection (Life Technologies 
Inc., Rockv,!,e. MD;. . .-ansfectants were selected in 500 ^^'tni C4!S G4IS." 
reststant colonies were e.x?;inded and maintained in 200 a""/ml Gm cJ. 
solic extracts of each clone were collected by homogeniiaUon and c-^^^ 
gatton and we.^e analyzed for EF-2 kinase expression by Western blot Tne 
' 3 ' was round to e.xpress.>ow amounts of EF-2 kina.se protein Tne 
TJV 2-D clone e.xpressed high levels of sense EF.2 kinase mRN.^ and orot-in 
comparea with that of TJYl-.R. ."'^'-n 
. Treatment of GUoma .\enografis with 17-A.\G. Co cells -own at !o» 
anmmic phase were removed from culture aasks by tryosinlzation th-n 
wasncd ana resuspended in PBS at density of 1.6' x lo' cells/ml C-"s 
(1.6 X 107100 were injected into the ilzak cf each of 16 Swis? nud- 
m.ce (male. 5 weeks old; Taconic, Ge.m-.antown, .N Y). Tne s.c. grown "tut^ors 
were nieasured daily with a Vernier caliper. The length (i; and'width (V^; in 
mm) t,t tne tumors were taken and used to calculate the volume (V), usin^ rh. 
formula: V = ( W- x m. On the i2th day after inoculation, when the m/dit 
tumor volume reached 60 mm', the mice were paired bv the similaritv of th^ 
limior volumes. Within each pair, mice were randomly assigned to eiUie^ 
17-.A.AG or vehicle. .Animals received i.p. injections of I7.A.^g"(S0 m"/k") or 
vehicle on days 2. 3, 4. 5, and S, 9. 10, 1 1. and P = 

Statistical Analysis. The two-sample r test was u.sed to compare tumor 
volume., between the two treatment groups at treatment dav L Loosftumor 
vokme) on day 5 to day 22 were analyzed using the repeated-mearurem-nt 
model with treatment and day as factors and the first order auiore«r.„ive 
correlation Structure (29). ' 



4011 



RESULTS 

^Effect of GA on Cell Growth and Viability, We investisated the 
erfects or a 48-h incubation with GA and 17-AAG on the clonoa-- 
mcuy ofhunaan T9SG (glioblastoma), Daoy (medulioblastoma) and 
SKiSSH (neuroblastoina) cells. GA inhibited T98G Daov and 
SKNSH cell viability with IC^o values of 3 hm, I hm. and'l nvi 
respectively (Fig. U; Table 1). GA also inhibited the clonoaenicitv of 
Che C6 rat glioma line (IC50, ^-5 hm). 

17-.\.AG also decreased the clonogenicity of eHoina cells but was 
-10-fold less potent than GA against the same cell lines. rC5o value for 
C6 cells was 13 nM and for T98G cells was 35 avi (Fis. 15; Table 1) 

For comparison, we also performed clono^^enic assays of C6 c-lls 
treated with BCNU, a standard chenaotherapeutic druc used to treat 
glioblastoma. Fig ic and Table 1 show that the IC.q of BCNU 
agamst C6 cells was 5 mm, --3000-fold greater than the IC,, value of 
GA against the same cell line. 

Effect of GA and 17-A.AG on EFO Kinase Protein Content, To 
analyze the role of EF-2 kinase in the cvtotoxicitv of GAs t^st-d 
whether or not GA or i7-AAG affected EF-2 kina'se content in c-ioma 
cells. T98G cells were incubated with 0-40 hm GA for 24 h (Fia. 24, 
left panel). Cell homogenates were collected and EF-2 kinase meas- 
ured by Western blot. Fig. 2 demonstrates that there was a >SQ% 
decrease in EF-2 kinase at a concentration of 10 hm and a >S0% 
decrease after treatment with 20 nM G.A. We chose the 24-h incuba- 
tion tirr.e to avoid problems in inte.^retation of data obtained usin^^a 
dymg population of cells (Fig. 1). Similar results were observed in C6 
cells treated with GA rbr 24 h (Fig. 25); EF-2 kinase was reduced bv 
70% after treatment with 1-10 n.M GA. 17-A.:\G (20-40 nM) de- 
creased EF-2 kina.se by 40-507o (Fis. 1a. riohi panel) 



Enters OF GA ON GLIOBLASTOMA AND EF-2 KINASE 
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Fig. 1. Effect of CA, 17-AAG. and BCNU on ihe clonogtnic survival of glioma 2n6 
oihtr cell lines of ncuroginic origin. Murine glioma (C6), human giioblasioma (7980, 
human neuroblastoma {SKNSH), and hunnan mtduliobla.«;ioma (Daoy) were cultured as 
described in "Materials and Methods." Cell lines w-re exposed for 48 h in var>-ing 
concentrations of GA M). 17- A AG (B). and BCNU [Q. Cells were ihen cuUured in 
dpjg-frcc medium and allowed lo grow for another 7-10 days. Colonies were stained with 
methylene blue and counted wiih an electron counting pencil. Each point represcnis the 
mean of three determinations from one of three similar eiperiment.<;; bars, ~ SE. Comrols 
(vshicle-trtaisd cells) usually contained 100-300 colonies. 



Effect of GA and 17-AAG on Hsp90/EF-2 Kinase Interactions. 
Wc next carried out coimmunoprecipiiation experiments to investi- 
gate the zfkcis of GA and 17-AAG on Hsp90/EF-2 kinase proiein 
interactions. T9SG (Fig. 3A) and C6 cells (Fig. 35) were treated with 
10 QM GA. 40 nM 17-AAG, or vehicle (0.1% DMSO) for 24 h (the 
optimal conditions for reducing the cellular content of EF-2 kinase as 
shown above). Cell lysaies were incubated with anti-Hsp90 rabbit 



antiseaim or preimmune serum and protein-.A beads to immunopre- 
cipitate Hsp90. After Western transfer, the membranes were arst 
blotted with anti-EF-2 kinase polyclonal antibody and then were 
stripped and reblotred with anii-Hsp 90 polycionai antibody. Fis. 3. ^. 
and 5, demonsirate that approxifnaieiy equal amounts of Hsd90 (bo!- 
iom panels) were precipi-ated under each condition. EF-2 kinase 
{upper panels) was coprecipitated with Hsp90 in vehicle-treated cells 
(Lane I) but not with preimmune serum (data not shown)! which 
confirmed the association of the kinase wiih Hsp90 in both T9SG and 
C6 ceils. Treatment with GA {Lane 2) or 17-AAG {Lane 3) sisnirl- 
cantly reduced the amount of EF-2 kinase that was coprecipitated^'ith 
Hsp90 in both cell lines. 

To exclude the possibility that the apparent decrease of Hsp90 
association with EF-2 kinase was m.erely the i-esuit of decreased 
overall EF-2 kinase protein, we investigated the effect of shorter 
incubaiion times with higher concentrations of drus. Ln these exper- 
iments, cells were incubated wiih 3 jlim GA {Lane 4) or 6 ^lm i7-AAG 
{Lane 5) for 3 h. Fig. 3 C demonstrates that the amount of EF-2 kinase 
in T98G or Co ceils was not signir~icaniiy changed under these 
conditions. The amount of EF-2 kinase that was coimmunoprecipi- 
taied with Hsp90 under these conditions was markedly decreased (Fi^. 
3, .4 and 5, Lanes 4 and 5). 

We next determined whether antibodies to EF-2 kinase could 
immunoprecipitate Hsp90 and whether GA disrupted the interaction. 
Immunoprscipitation was perfonmed using an anti-EF-2 kinase anti- 



Table I Effect ofCAs on the clonogeniciry of glioma and oiher cell lints of 
neurogenic origin 

. Cell lines, grown in tissue culture, were treated with varying concentrations of drugs 
or vehicles, and clonogenic survival was measured as described in "Materials and 
Methods." Each value represents the mean of at least two experiments having ks-s than 
10^ variation between them. 
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2±0.i 


.13 = 1.8 


5 = 0.2 


T9SG 


3 = 0.2 


35 - 4.0 


SK.\SH 


1 ± 0.1 






Daov 


1 ± 0.1 
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Fig. 2. Effect of OAs on the content ofE?-: ki.nase in giiobiastoma cell lines. T9SG 
(A) and C6 ceils (5) wcr= grown in culture as described In ".Muleriais and Methods." 
Following a 24-h incubation with drug or appropriate vehicle, cell homogenales comain- 
ing 20 of total protein were assayed for the content of elongation finor 2 kinase and 
S-aciin by Western blot analysis. The figur; represents the resulu of ojc of three similar 
exnerimcnis. 
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Fis, 3. Immunopredpitaiton of EF-2 kinase by aniibodics against Hsp90 in cell iysates 
trsaied wiih OAs. T98G iA) and C6 (B) cells were treated wiih 10 n.M GA (Lane 2), 40 
HM 17-AAG iUmn 3), or vehicii (0.1 7c DMSO. Lane I) tor 24 h. Cslls were also trsaied 
with 3 GA (Lane 4) or 6 }xs\ 1 7-AAC {Uine 5) for 3 h. Ceil iysatcs were incubaied 
with 2nti-Hsp9l) rabbit antiserum and protein- A be^ds to immunoprccipitatc Hsp90. After 
Western transfer, the membranes were first probed with anii-Er-2 kinase polyclonal 
antibody, then were stripped and reprobcd with anti-H.sp90 polyclonal antibody. C, 
Western biot analysis of £F-2 kinase in T9SG and C6 cells treated with GA or iT^A.AG 
in high concentration and shorter incubation time. Celts were incubated wiL*i vehicle 
(Liines I and 4). 3 pj^i GA (Lanes 2 and 5), or 6 ^.m 17-AAG (Umes 3 and 6) for 3 h. Each 
blot is representative of three .siinilar expcriment-s. 
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rig. 4. Immunoprecipitation of H.sp9f) by aniibodics against EF-2 kinase in cell ly.'iates 
treated wjih GAs. T93G and C6 cells were treated with either 3 G.A or vehicle fO.l^ 
D-MSO) tor 3 h. Cell iysaie.t were incubated with anti.EF-2 kinase rabbit antiserum and 
proiein-.A beads as described in "iVbicrials and Methods." .After Western u-aasfcr. the 
membrane wus firsr probed with anti-Hsp90 ptilyclonaJ antibody, then was stripped and 
reprobcd with ami- EF-2 kinase fwlyclonal antibody. These data arc representative of two 
similar experiment.':. 



body and cell lysates from T9SG and Co were treated with either 
vehicle or 3 mm GA for 3 h (Fig. 4). Similar amounts of EF-2 kinase 
were recovered under each condition (lower panel). Hsp90 was co- 
precipicaied with EF-2 kinase in vehicle controls (Lanes J and 3) but 



lysates 



was ab.senc in t 
{umes 2 and 4). 

EfTect of Overe.xpression of EF-2 Kinase on Q\ Activity 
next determined whether the effect of GA on cytotoxicitv could 'b^ 
aorogated by overexores.sing EF-2 kinase. In these eKoerime'^ts w- 
compored che sensitivity to GA in cwo cell lines chat exoress diF/Ver 
levels of EF-2 kinase. TJYl-R and TJY2.D eel] lines were i^;ceJ 
arcer stad.e transfection of T98G cells with either antisense or sense 
^r-. bnase expression vectors. TJYi-R was selected based on low 
kinase expression atter transfection with antisense R^'A- TJY^-D was 
selected as a clone expressing high EF-2 kina.se after iransf-cuon with 
sense RNA. The Western blor in Fii2. 5A shows that TJY7-D cells 
e.^cpress ^6-fold more tF-2 kinase protein as compared with that of 
TJYl-R cells. nutnjcor 

Clonoeenic assays -were performed on TJYl-R and TJY2-D cells 
treated with different concentrations of GA for 24 h. Overall we 
noted a decreased viability of clones transfected with FF-^ kinas- 
antisense. Of ihe several clones idemified, TJYl-R was the most 
roDust oased on morphology and a doubling time that was consistent 
With the sense transfectants (data not shown). Fis. SB and T'^bi- 1 
demonstrate that cells that overexpress EF-2 kina.se were 5-iold Kss 
sen.sitive to the cytotoxic effects of GA (IC,,, 2 n.M) than isooenic 
cells with less Er-2 kinase content (JC^o. O.4' hm). 

Effect of 17-AAG on Glioma Growth in Mice. To test whether 
GAs remained active against glioma ceil lines in vivo we evaiuat-d 
the effect of 17- AAG on the growth of C6 glioma cells in nude mice 
C6 cells were implanted in sixteen mice in the dorsal flank; tumors 
were allowed to form for 12 days and reached 60 mm^ in siz- be^or- 
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Fig. 5. GA 5en.sitivity of T98G cell derivatives expressing difTcrcnt levek of cF-- 
kinase 4, expression of Er-2 kinase in T9S cells L^nsfected with EF-- w\cL- 
aJY^O) or ant.en.e iUYl-R) expression vectors. EF-2 kin;^e and ^^^^ 

TA 1-R .-!! mes. Drug sen.., tivuy w.. determined by exposing celhio 0-10 riM G^ for 
24 h. by wasn.ng and allowms the cells to jjrow for another 7-10 6vs. and bv ^ 
'^■m metnylcne oluc. Colonies .ere ihen enumenued .sing an elcctr^ic counting ^nci! 
as descnbed m Matenals and Methods.- Each point represcnt.s the.ican from a rnX 
stntaiive of two similar expcri.Tjenis: bars, r SE. ' 
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Fig. 6- Effsci of 17- A AG on the srowih of C6 glioma xcnografts-CS cells 
{L6 X 10**ceils/nriousc) were imphntsd imo the flarU: oi 16 Swiss nude mice. On 

chs 12th day after inoculation (day 1 in rig. 6), the mice wsrs paired in two groups and 
were randomly a.^signed lo trsatmeni. i7-.AAG (80 mg/kg) or vehicle ^ve^e injected via the 
intraperitoneal route on days 2, 3. 4, 5, 8, 9, JO. 1 1. and LI Each point represents the mem 
volume of the eight animais in each group; bars. - SE. The differences in tumor volumes 
between the two treaimem groups were .<;taiistical!y significant {P ^ 0.017) at all time 
points from day 5 to day 22 [least-square mean of iog(tumor volume), 0.91 r 0.33 
(mean r SE)J. 



treatment began. Fig. 6 demonstrates the ability of 17-AAG to sig- 
nifjcantly inhibit the growth of C6 giioma. The mean tumor volum.es 
of the two treatment groups were not statistically different before drug 
treatment (day [\ P > 0.752). The differences in tumor volumes 
between the two treatment groups were statistically significant 
(P < 0.017) at all time points from day 5 to day 22 [least-square 
means of log(tumor volume). 0.91 ± 0.33 (mean ± SE)]. No signif- 
icant weight loss, changes in activity or deaths were observed during 
the period of drug treatment. 

DISCUSSION 

Tne need for new treatments for glioblastoma is highlighted by its 
devastation to both children and adults. Despite the recent introduc- 
tion of an oral alkylating agent, temozolomide (30-32), very little has 
been added to prospects for increasing overall survival in patients with 
this disease. 

Disruption of Hsp90 chaperoning represents a novel approach to 
developing new anticancer therapies. Numerous proteins induced in 
the growth of malignant cells associate with Hsp90 (22, 33). Interfer- 
ence with this interaction targets the nonassociated protein for degra- 
dation (34-38). Therefore, it may be possible to target proteins 
imponant for the growth of malignant cells by dismpiing their asso- 
ciation with Hsp90. 

EF-2 kinase is an attractive target for the treatment of high-grade 
astrocytomas and perhaps other malignancies. The markedly in- 
creased activity of this enzyme in glioblastoma multiforme (17) and 
. the cytotoxicity of speciric and nonspecific inhibitors for this kina.se 
support this concept (18). Because EF-2 kinase is chaperoned by 
Hsp90 (20, 21), we examined the effects of GAs on gliorna and other 
jTialisnant cell lines of neurogenic origin and found these drugs to be 
potent cytotoxic agents that disrupt Hsp90/EF-2 kinase interactions. 

CA is a potent inhibitor of the clonogenicity of several cell lines 
including T9SG and C6 glioblastoma, Daoy medulloblastoma. and 
5KNSH neuroblastoma (Fig. 1). Table 1 lists the \C^^ values obtained 
after a 4S-h exposure to G.A. that ranged from 1 to 3 nM. For C6 cells, 
GA is 2500 times more potent than 3CNU, a standard chemotherapy 
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for glioblastoma (39-42). 17-AAG. a less potent inhibitor of Hsp90/ 
protein interactions (25, 26) compared with GA. is also a less potent 
inhibitor of clonogenicity in T9SG and C6 cells, wich IC,y values 
ranging from 13 lo 55- nM (Fig. 1; Table i). It is nev.ertheiess a potent 
compound when compared with 3CNU. 

To determine whether or not the cytotoxicity of OAs was attrib- 
utabie, at least in pan, to inhibition of EF-2 kinase activity through 
disruption of Hsp90 chaperoning, we carried out a series of expe~r- 
iments to measure both the association and depletion of the en- 
zyme. These studies revealed a good correlation between the 
concentration of drug required to disrupt Hsp90/^F-2 kinase in- 
teractions and effects on clonogenic survival. For exam:Dle, after a 
24 h incubation of T93G cells with iO n^4 GA there is a >50% 
decrease in EF-2 kinase (Fig. 24), which correlates with the IC50 
of 3 nM obtained by clonogenic assay after exposing the cells to 
drug for 48 h (Fig. 1; Table l).We chose the shorter incubation 
period to evaluate the effect of drug exposure on kinase degrada- 
tion to avoid the pitfalls of studying the effects of drus in a 
population in which one-half the cells were dead or dyins. Simi- 
larly, we found a 10% decrease in EF-2 kinase in C6 ceils exposed 
for 24 h to 10 nM GA, which correlates with the IC50 ^'^^^^ of 2 n.M 
obtained by clonogenic assay after exposing the cells to drag for 
48 h. The IC50S in clonogenic assays for 17-AAG were 5- to 
10-foid greater than those of GA, which correlates to the decreased 
potency of this derivative in producing loss of the kinase (Fis. 14). 

Interference with the chaperoning function of Hsp90 is known to 
be detrimental to associated kinases. GA disrupts the bindins of 
EF-2 kinase to Hsp90 as measured by coimmunoprecipitaiion (Fis. 
3 and 4). The disruption of this interaction is associated with 
decreased EF-2 kinase protein content (Fig. 2). Schulre e! aL, 
demonstrated that the serine/threonine kinase, raf-1, is rapidlv 
destabilized on addition of GA, which disrupts the Raf-1/H$p90 
molecular complex (3S). The disappearance of EF-2 kinase in 
glioma cells treated with GA is likely caused by this mechanism. 
These data are consistent with a proposed mechanism by which 
GAs disrupt the chaperoning of critical cellular proteins leading to 
targeted degradation (38, 43, 44). Further insight may be gained by 
investigating the mechanism by which the EF-2 kinase protein is 
degraded. Published reports (45-47) point toward the role of GA 
in targeting proteins for proteosome degradation. 

GAs are likely to affect numerous intracellular taraets that are 
critical for cell viability. In addition to raf-i (26, 48-50). both GA 
and 17-A.AG deplete cells of the transmembrane protein tyrosine 
kinase pi 85'''"^"", w-hich has been implicated in oncogenic trans- 
formation (45, 51). Treatment of lung cancer ceil lines expressing 
pi 85 with paclitaxel and 17-AAG showed synergistic activity (52). 
I7-.A.AG also destabilizes mutant forms of p53 (47). Therefore, to 
understand the importance of EF-2 kinase among these other 
targets, we transfected parental T98G cells .with either sense or 
antisense EF-2 kinase expression vectors. As expected, overex- 
pression of antisense mRNA and subsequent decrease in EF-2 
kinase (Fig. 5A) reduced the viability and subsequent recovery of 
transfected clones (53). Nonetheless, we were able to study drus 
sensitivity by choosing our most robust antisense clone for these 
experiments and compared this with a sense clone obtained during 
the same round of transfections. We then chose a shorter dru2 
exposure time (24 h) to measure effects on clonogenicity and 
repeatedly found the antisense clone to be more sensitive to GA 
(Fig. 58). This result is consistent with EF-2 kinase being an 
important target r^or the cytotoxicity of GAs in glioma cell lines. 
However, despite the excellent correlation between £F-2-kinase 
content and drug sensitivity (Fig. 5, .4 and B), given the difficulty 
in recovering viable antisense clones, we cannot rule out the 
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'possibility that ihese are indirect -^-'fecis resclung from cionai 
selection, 

iVumerous drugs kill cancer ceils in ussue cuiiure but far fewer 7. 
retain aciivity in animal xenografts. We studied i7-AAG against 
xenosra/ted C6 glioma because it is a less toxic compoiind that has 
already entered ciinicai testing (26. 27). 17-AAG signirlcancly inhibits 
the growth of established gliomas in aninaals. Treatment that is started 
after 12 days of g^o^v^h significantly inhibits the growth of -he 
xenografts (Fig. 6). This is particularly promising because the dnjH is 
highly lipid-solubie and likely to penetrate the biood-braln barrier. 

In summar/. our results den:icnstr2te that GAs represent a new class 
of anticancer drug that have potent activity against giiobiastoma and 
other malignant ceil lines of neurogenic origin. The compounds dis- 
rupt the interaction of EF-2 kinase with Hsp90, leading to the destruc- 
tion of this unique protein kinase mennberof the calmodultn-mediated 
pathway of signal transduction. 
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